Between the 11 and 13 October 2005 several flash floods were produced along the coast of Catalonia (NE Spain) due to a significant heavy rainfall event. Maximum rainfall achieved values up to 250 mm in 24 h. The total amount recorded during the event in some places was close to 350 mm. Barcelona city was also in the affected area where high rainfall intensities were registered, but just a few small floods occurred, thanks to the efficient urban drainage system of the city. Two forecasting methods have been applied in order to evaluate their capability of prediction regarding extreme events: the deterministic MM5 model and a probabilistic model based on the analogous method. The MM5 simulation allows analysing accurately the main meteorological features with a high spatial resolution (2 km), like the formation of some convergence lines over the region that partially explains the maximum precipitation location during the event. On the other hand, the analogous technique shows a good agreement among highest probability values and real affected areas, although a larger pluviometric rainfall database would be needed to improve the results. The comparison between the observed precipitation and from both QPF (quantitative precipitation forecast) methods shows that the analogous technique tends to underestimate the rainfall values and the MM5 simulation tends to overestimate them.
Introduction
Catalonia is located in the Northeast corner of the Iberian Peninsula. The orography of the country is very complex, and it has a strong influence on pluviometry. Therefore, remarkable contrasts are observed in a few kilometres. Three mountain ranges are the most important geographical factors Correspondence to: A. Barrera (tbarrera@am.ub.es) influencing meteorological processes: The Littoral range, the Pre-littoral barrier and the Pyrenees in an increasing altitudinal order. They have an important role on pluviometric events enhancement (Llasat et al., 1999) .
Catalonia has been periodically affected by heavy rainfall events during the last years. These events occur mainly in autumn, which is the rainiest season in the region. Recent examples of such type of events are the cases of 9-10 June 2000 , 21-24 October 2000 (Barnolas, 2004 ), 8-10 October 2002 (Llasat et al., 2004 , 16-18 October 2003 (Altava-Ortiz et al., 2006 and 6 September 2004. As a result of the heavy rainfall frequency in Catalonia, flash floods are usually recorded in the coastal little basins with a strong slope towards to sea. For example the city of Barcelona has been affected by 54 flash floods since 1351 (∼1 flash flood per 10 years) .
Statistical and deterministic methods are applied in the current paper, to analyse how they work when an extreme rainfall event is registered. A first dual treatment (deterministic-statistical) for extreme cases was performed in Altava-Ortiz et al. (2006) . Here, more detailed probabilistic outputs in addition to new MM5 simulations have been developed and applied to one of the last heavy rainfall events registered in Catalonia: the 11-13 October 2005 event. pre-littoral ranges of Catalonia at low levels. At surface an important low was installed over the centre of the Iberian peninsula during the event and produced a southern wind flux against Catalonia. As a result, heavy precipitations and flash floods were recorded during the event resulting in 4 casualties and several material damages. This event had similar characteristics to the September 1971 event , but it has been less damaging and catastrophic. Figure 1 shows the rainfall evolution of the entire episode, from 11 to 13 October and also the total amount recorded. The event began on 11 October with heavy rainfalls over the central southern Catalan coast. The Creixell ephemeral river was overflowed (Fig. 2a) , producing an important flash flood in that locality, due to an amount of precipitation of 134 mm in few hours (Fig. 1a) . The next day (12 October, Fig. 1b ) the instability moved northwards and heavy rainfall was recorded over Barcelona city, its metropolitan area and central northern Catalan coast. The third day (13 October, Fig. 1c ) the heaviest rainfalls occurred in the Northern coastal region with maximum daily precipitation amounts up to 250 mm and 5-min intensities close to 100 mm/h (Fig. 3) . As a result, a large number of ephemeral rivers were overflowed and flash floods were produced (catastrophic damages in Calonge ephemeral river, Fig. 2a ). The Daró and Ridaura rivers were also within the affected catchments (Fig. 2a) . During the 14-15 October the rainfall continued, but with a more moderate intensity without any flash flood recorded. As a summary, more than 340 mm in the entire episode were recorded in some places of the north Catalan coast (Fig. 1d) . (Barnolas and Llasat, 2007) . Concerning material losses, approximately 4000 houses, more than 3000 shops, and 1500 cars were damaged in the municipalities of Platja d'Aro, Santa Cristina d'Aro, Calonge and Sant Feliu de Guíxols. There were other damages in infrastructures and public ownerships. All these damages were evaluated in more than 21 million euros (economic losses in public infrastructures rose above 6 million euros in Santa Cristina d'Aro). Between 8000 and 10 000 claims were received by the Spanish National Consortium of Insurances (Consorcio de Compensación de Seguros). However, the counting is difficult because some claims were made through private insurance companies. 
Data and methodology
Different sources of data have been used for developing the present study. To develop the observed daily rainfall charts 313 rainfall stations has been compiled within Catalonia and surroundings areas (Fig. 4) . The data used in the analogous technique and for the MM5 model simulations are detailed as follows.
Analogous method
The analogous method applied here is a statistical downscaling method using the geopotential height at 1000 hPa, 850 hPa and 500 hPa as primary predictor fields, and the geopotential height and humidity at 1000 hPa as secondary predictor fields. The method estimates the probability of exceeding a certain rainfall value in 24 h, according to an ensemble of rainfall patterns that occurred in the past, by means of establishing statistical relations among past and forecast meteorological situations. The pressure data values are provided by the NCEP-NCAR Reanalysis Project (NNRP). The rainfall database has good coverage over East Catalonia (Fig. 4) with more than 120 stations for an area of 16 000 km 2 and for the period 1996-2005. This is the period used for the development of the analogous model. For further details of the applied analogous model see Altava-Ortiz et al. (2006) .
Probabilistic outputs are calculated taking into account the best 20 meteorological analogous situations. The interpolation (using the kriging procedure) is carried out at 0.04 • ×0.04 • of grid resolution. Probability of exceedance (ERP) 0.5 mm, 2 mm, 10 mm and 20 mm in 24 h in addition 124 A. Barrera et al.: Heavy rain prediction using deterministic and probabilistic models The results obtained in the recently finished INTERREG III-B AMPHORE project 1 showed that this method is a good statistical prediction tool. Model reliability has been performed using Receiver Operating Characteristic Curves (ROC curves). A ROC curve for each considered threshold as well as for each station forming the surface rainfall network has been calculated. The most interesting result for the current paper is the ROC curve corresponding to the highest rainfall threshold (Fig. 5 ). This ROC curve was obtained from averaging the 126 ROC curves associated to each raingauge of the observation network for the entire 1996 year, a very rainy year in Catalonia. The greater the area under the curve, the better is the model. A value around 0.95 has been obtained for the 20 mm exceedance rainfall.
The MM5 model
The MM5 mesoscale model (Grell et al., 1994; Dudhia et al., 2004 ) is one of the most widely used models by the scientific community. This numerical model has been run for a 72 h simulation starting at 00:00 UTC from 11 to 14 October 2005. Four two-way nested domains with 54, 18, 6 and 2 km horizontal grid resolution and 23 vertical levels have been used. The outer domain (domain 1) is centred in the NE Spain at geographical coordinate (0.0 • E, 40.0 • N). Initial and boundary conditions are obtained from the 1 • resolution FNL NCEP analyses (Global Final Analyses from the US National Centers for Environmental Prediction) available every six hour from 00:00 UTC, which are improved using surface and upper-air observations (ADP, Automated Data Processing observations from the NCEP). This improvement is applied by an objective analysis tool included in the program scheme of the MM5 model. Full physics is used and a Kain-Fritsch (Kain and Fritsch, 1993) scheme is applied to parameterise convection for the first, second and third domains while no convective parameterisation is activated over the fourth domain. Similar parameterisation has been used with good results in other similar extreme meteorological events in the West Mediterranean area (Arreola et al., 2003; Romero et al., 2005) . Figure 6 shows the probability of exceeding 0.5 and 20 mm in 24 h as well as MER on 11 and 13 October, as derived from the analogous method. In general, good agreement among highest probability values and real affected areas can be observed. Moreover, in some days, MER distribution shows good agreement with the observed rainfall patterns, although values are usually underestimated. The 11 October is an exception, when the analogous method overestimates them. At this point it should be taken into account that this event was characterised by very heavy rainfall, such events are quite infrequent and thus it is more difficult for the analogous method to reproduce them. In addition in order to further improve the method a much denser pluviometric network is needed.
Results and discussion
The MM5 simulation allows analysing accurately the main meteorological features with high spatial resolution. The evolution of the 10-m wind field for the 2-km domain shows the formation of different convergence lines at different places of the region. This partially explains the location of rainfall maxima during the event (not shown). These convergence lines enhanced the triggering effects of the ranges close to the sea, facilitated the advection of moist air over those zones and implied high values of potential temperature at medium levels (850 hPa). The eastern parts of the Pyrenees and the Pre-Littoral range plays an important role on the enhancement of precipitation, as in the simulations and observations, all main maxima are recorded in those zones (Fig. 7) . In addition, the high spatial resolution used for the MM5 simulations permitted to reproduce the maxima of accumulated rainfall quantities, but their locations are not wellplaced (Fig. 7) .
With the MM5 outputs, in addition to the analogous method ones, and taking into account the event observations some conclusions appear clearly: i) Both methods, probabilistic and deterministic, get quite reasonable rainfall forecasts or probability distribution if they are compared with the observations, although some important disagreements (an important overestimation) appear in SW Catalonia.
ii) Whereas the analogous technique tends to underestimate the values on rainfall, the MM5 simulation tends to misplace the maxima.
Comparing with the results obtained in the previous work of Altava-Ortiz et al. (2006) other conclusions appear clearly. The analogous model continues underestimating the rainfall field, but the location of maxima is correct.
The analogous method is a first approach, less suitable than deterministic models for the prediction of heavy rainfall events as statistical models are based on previous events, and extreme events are not so common. However, probabilistic outputs from the statistical model combined with the MM5 model outputs provide different products which could be complementary and useful for end-users. The MM5 model output provides a good simulation of the evolution of important meteorological variables and the analogous technique offers good outputs concerning rainfall probabilities and MER but mainly better localisation of the rainfall maxima compared to MM5 model output.
On the other hand, to improve the observed disagreements, future work is needed in both methods. The MM5 model results could be improved by improving the initial conditions. This could be achieved by using higher resolution initial conditions and by improving the first guess fields using lightning and satellite data as it will be done in the European project FLASH. The analogous technique needs a longer temporal daily rainfall database with a good coverage in the region, and the proof of other effective predictor meteorological fields.
